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One of the most interesting developements in M-theory |]1|, |^, ^ ^, ||, ^ |^, ||, 
|, |10] model building is that new non-perturbative tools have been developed which 
allow the construction of realistic three generation models [|1T|. In particular the 
inclusion of five-brane moduli Z„, (which do not have a weakly coupled string theory 
counterpart) besides the metric moduli T, S in the effective action leads to new types 
of Eg X Eg symmetry breaking patterns as well as to novel gauge and Kahler threshold 
corrections. As a result the soft-supersymmetry breaking terms differ substantially 
from the weakly coupled string. 

Phenomenological implications of the effective action of M-theory with stan- 
dard embedding of the spin connection into the gauge fields have been investigated in 
[[12| , |13|, |l^, [T^, |l^. Some phenomenological implications of non-standard embeddings 
in M-theory with and without five-branes have been studied in [|l^, |l^]. However, a 
full phenomenological analysis of the interesting case when the F-terms associated 
with the five-branes dominate those associated with metric moduli (F^" ^ F^ , F'^^ 



including the constraint of radiative electroweak symmetry-breaking [jT9| has not been 



performed. It is the purpose of this paper to carry out such an analysis. 

The soft supersymmetry-breaking terms are determined by the following func- 
tions of the effective supergravity theory |Tl|, 



fo = S + BoT, fH = S + BHT, 

Wo = dpqrCoCQCo (1) 

where K is the Kahler potential, W the perturbative superpotential, and fo,fH 
are the gauge kinetic functions for the observable and hidden sector gauge groups 
respectively. K^ is the Kahler potential for the five-brane moduli Z^ and Hpg is some 
T-independent metric. Also 

T+f r+f 

-o = boj^, eH = bHj^ (2) 

The various instanton numbers are given by the foloowing expressions 

N 

bo = /?0 + E(l-^n)'/5n 
n=l 

N 

Bo = [3o + Y.il-Znf[3n 
n=l 

N 

Bh = PH+Y.iZnfPn 
n=l 

N 

bH = PH+T.^nPn (3) 

n=l 



Since a Calabi-Yau manifold is compact, the net magnetic charge due to orbifold 
planes and 5-branes is zero. Consequently the following cohomology condition is 
satisfied 



N 



/3o+Y.(^n + /3H = 



(4) 



n=l 



S, T are the dilaton and Calabi-Yau moduli fields and C^ charged matter fields. The 
five-brane moduli are denoted by Z„, and ReZ„ = 2;„ = ^ G (0, 1). The superpoten- 
tial and the gauge kinetic functions are exact up to non-perturbative effects. 

Given eqs(P one can determine |11, 18| the soft supersymmetry breaking terms 
for the observable sector gaugino masses M1/2, scalar masses rriQ and trilinear scalar 
masses A as functions of the auxiliary fields F^,F^, F" of the moduli S, T fields and 
five-brane moduli Z„ respectively. 
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where dn = -tM-. The bilinear i?-parameter associated with non-perturbatively gen- 



erated /i term in the superpotential is given by [|18| : 

F'ieo - 3) 3(eo + 1)F^ 
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{3 + eo)iS + S) (T + T)(3 + eo) 
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3 + eo 
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(6) 



From now on we assume that only one five-brane contributes to supersymmetry- 
breaking ^. Then the auxiliary fields are given by 0, [20[] 



V3ms/2C{didiK5)-'/^ sm9i 



^We assume very small CP- violating phases in the soft terms. 



F^ = V3m3/2C{S + S) sine cos Oi 

F^ = m3/2C(T + f)cos^cos^i (7) 

The goldstino angles are denoted by 6*, 6*1, m3/2 is the gravitino mass and C^ = 
1 + ^§ with Vq the tree level vacuum energy density. The five-brane dominated 

supersymmetry-breaking scenario corresponds to 6i = |, i.e F^, F^ = 0, and we take 
the five brane which contributes to supersymmetry breaking to be located at zi = 1/2 
in the orbifold interval. We also set C = 1 in the above expressions assuming zero 
cosmological constant. 

We now consider the supersymmetric particle spectrum for a single five-brane 
present. Our parameters are, eo, didiK^, diK^, 7713/2, sign fj, (which is not determined 
by the radiative electroweak symmetry breaking constraint), where /z is the Higgs 
mixing parameter in the low energy superpotential. The ratio of the two Higgs 
vacuum expectation values tan/3 = j^(> is also a free parameter if we leave B 
be determined by the minimization of the one-loop Higgs effective potential. If B 
instead is given by (|]), one determines the value of tan/5. For this purpose we take fi 
independent of T and S because of our lack of knowledge of fi in M-theory. We treat 
eo as a free parameter as the problem of stabilizing the dilaton and other moduli has 
not yet been solved, although there has been an interesting work in this area pT |. 



The instanton numbers are model dependent. In this paper we choose to work 
with the interesting example [|TB| with (3o = —2 and f3i = 1 which implies bo = —7/4. 



This implies that b^ = 5/4 and allow us to study the region of parameter space with 
— 1 < Co < 0, which is not accessible in strongly coupled M-theory scenarios with 
standard embedding. We also choose diK^ = didiK^ = 1. We have investigated 
deviations from these values in order to examine the robustness of our results. We 
comment on that below. 

We use the following experimental bounds from unsuccessful searches at LEP 
and Tevatron for supersymmetric particles [^. We require the lightest chargino 
M + > 95 GeV, and the lightest Higgs, niho > 79.6 GeV. A lower limit on the mass 

of the lightest stop m^^ > 86 GeV, from ^2 -^ cXi decay in DO is imposed. The stau 
mass eigenstate (f) should be heavier than 53 GeV from LEP2 results. 

The soft masses start running from a mass Rii ~ 7.5 x 10^^ GeV with Rn 
the extra M-theory dimension. This is perhaps the most natural choice, although 
values as low as 10^^ GeV are possible and have been advocated by some authors 
[Q. However, the analysis of disfavours such scenarios. For the most part of 
our analysis we shall therefore consider the former value of Ru, but we shall also 
comment on the consequences of the latter. Then using (|^),(|I) as boundary conditions 
for the soft terms, one evolves the renormalization group equations down to the 
weak scale and determines the sparticle spectrum compatible with the constraints of 
correct electroweak symmetry breaking and the above experimental constraints on 
the sparticle spectrum. 



Electroweak symmetry breaking is characterized by the extrema equations 



1 _ mjj^ - m]j^ tw? (3 2 

2 ^ " tan2/?-l ^ 

-5/i = -(m^^ + m]j^ + 2/i2) sin 2/3 



where 



dAV 

dvl 



^k,H, = ml^,H, + jr^ (9) 



and AV = (647?^) -^STr M'^[/n(MVQ^) - |] is the one loop contribution to the Higgs 
effective potential. We include contributions only from the third generation of parti- 
cles and sparticles. 

Since /z^ 3> M"^ for most of the allowed region of the parameter space ||22|| , 
the following approximate relationships hold at the electroweak scale for the masses 
of neutralinos and charginos, which of course depend on the details of electroweak 
symmetry breaking. 

m + ~ m^o ~ 2m^o 

Xl A2 Al 

m^o ~ 171 + ~ lul (10) 

A.3,4 X2 "^' ^ ^ 



In ([T0| ) rn ± are the chargino mass eigenstates and m^o,i = 1...4 are the four 

neutralino mass eigenstates with i = 1 denoting the lightest neutralino. The former 
arise after diagonalization of the mass matrix. 

( \ 

Mch= M2 \/2mvFsin/? (11) 

\ ITLw COS/3 — /i / 

The stau mass matrix is given by the expression 

Ml= M\^ m^(A^ + /itan/3) (12) 

\ m^(A^ + /itan/3) M22 ) 

where Mu = m\ + ml - \{2M'^ - Ml) cos 2/3 and M22 = m\ + ml + (M^ - 
M|) cos 2/3. where m|, m\ refer to scalar soft masses for lepton doublet, singlet 
respectively. 

As has been noted in |jl8[, in the case when only the five-branes contribute to 
supersymmetry-breaking the ratio of scalar masses to gaugino mass, ?Tio/|Afi/2| > 1 
for Co > —0.65. This is quite interesting since scalar masses larger than gaugino 
masses are not easy to obtain in the weakly-coupled heterotic string or M-theory 
compactification with standard embedding. In the case of non-standard embeddings 
without five-branes there is small region of the parameter space where is possible to 
have mo/|Mi/2| > 1. 



In fig.l we present the sparticle spectrum plotted against tan/5 for cq = 
—0.6, m3/2 = 165 GeV and // < 0, diK^ = didiK^ = 1. For this choice of eo, 
mo/|Afi/2| ~ 1-2 at the unification scale. The scalar masses are bigger than the 
gaugino masses, in contrast to weakly coupled string scenarios emerging from the 
large T-limit of Calabi-Yau compactifications where gaugino masses are generically 
bigger than scalar masses. One can see that the lightest supersymmetric particle is 
the lightest neutralino. It is a linear combination of the superpartners of the photon, 
Z° and neutral-Higgs bosons. 



Xi 



ciB + C2W' + c^H^ + c^H^ 



The neutralino 4x4 mass matrix can be written as 



(13) 



Ml 



-MzAu 

MzA^i 





M2 
MzAu 

-MzA22 



-MzAn 

MzAi2 





MzA^i 

-MzA22 





with 




sin 6w cos f3 
sin 9w sin /3 



cos 6w cos (3 
cos 9w sin /? 



The next to lightest supersymmetric particle (NLSP) in this scenario is the 
lightest chargino. In this figure we plot chargino masses heavier than the experimental 
bound from LEP, m + > 95GeV. In fact this experimental bound imposes 7713/2 > 160 
GeV. The lightest Higgs eigenstate (h) satisfies rrih > 85 GeV for tan/5 = 2.5 and 
rrih > 109 GeV for tan/5 = 10. Also m^^ > 183 GeV for all values of tan/5 and 
the lightest stau satisfies rrif^ > 127 GeV. The lightest stau mass eigenstate is the 
next to the NLSP (NNLSP) mass eigenstate. This is to be contrasted with the 
extreme M-theory limit with standard embedding for a goldstino angle chosen to get 
vanishing scalar masses at the unification scale. In the latter scenario the lightest 
stau is the NLSP and for values of tan/? > 12 becomes the LSP. It differs from the 
M-theory scenario with goldstino angle | and tan/5 > 10 since in this case again 
the lightest stau is the NLSP. It also differs from these M-theory scenarios in the 
squark sector. In particular, the lightest stop is always much lighter than the CP 
odd Higgs mass eigenstateA^. This is not the generic case with M-theory scenarios 
with standard embeddings [|r^ and weakly coupled CY compactifications in the large 
T-limit [^ . Similarly the lightest sbottom 62 (sb2 in the figure) is almost degenerate 
with the CP odd Higgs mass (is lighter for small tan/5 and heavier for large tan/5 
)in contrast to M-theory scenarios with standard embedding and various goldstino 
angles. In the latter case the lightest sbottom is much heavier than the CP-odd 
Higgs mass |]T2|, |TB[ in most region of the parameter space. We also observe from 
figure 1 that the lightest stop is lighter than the lightest sbottom mass eigenstate. 



For tan (3 <2 and for this particular gravitino mass the hghtest Higgs becomes hghter 
than the current experimental bound of 79.6 GeV. In figure 3 we present the sparticle 
spectrum plotted against tan/5 for /i > 0. Throught the region of parameter space 
the lightest neutralino is the LSP and the lightest chargino the NLSP. The lightest 
stau is the NNLSP. 

In figure 2 we present the sparticle spectrum with respect to the parameter eo 
for tan/3 = 2.5, and m^i2 = 250 GeV. We note the following very interesting features. 
As the parameter eo increases through —0.65 the scalar masses become heavier than 
the gaugino masses. The imprint in the low energy spectra is that the lightest chargino 
is the NLSP, and for cq > —0.5 the lightest stop becomes the NNLSP. In the limit 
Co — ^ the scalar masses are much heavier than gaugino masses, mo ^ M1/2. For 
smaller (more negative) values of eo the lightest stau becomes lighter as the gaugino 
masses become heavier and eventually for eo < —0.7 becomes the NLSP. For instance 
for eo = -0.7, |Mi/2|/mo ~ 1.32 while for eo = -0.8, |Mi/2|/mo ~ 2.33. In the 
region —1 < eo < —0.7, the spectrum resembles strongly coupled M-theory scenarios 
without five-branes for some values of the goldstino angle, e.g. ^ = |f ■ In contrast 
for this particular tan/5 in M-theory scenarios without five branes and for ^ = f the 
lightest chargino is the NLSP. 

When the B^ term is given by (^) correct electroweak symmetry breaking 
occurs for 18 < tan/? < 20.5 in the region —0.7 < eo < —0.2. In fig. 4 we present the 
super symmetric particle spectrum with respect to eo for tan/? = 20 and ms/2 = 230 
GeV. The same qualitative features hold as in the case of low tan/? discussed earlier. 
The neutralino is the LSP in most of the parameter space (—0.85 < eo < 0). For 
eo > —0.65 the lightest chargino is the NLSP while for —0.85 < eo < —0.7 the 
lightest stau is the NLSP. For eo > -0.5 the lightest stop is the NNLSP. 

We also investigated the supersymmetric particle spectrum for didiK^ = 2, 0.5. 
The same quantitative features discussed earlier hold also for this choice of the five- 
brane Kahler potential metric. 

In conclusion we have calculated the supersymmetric particle spectrum in the 
five-brane dominated limit of M-theory subject to the constraint of correct electroweak 
symmetry breaking and experimental bounds from accelerator physics. For most of 
the parameter space the lightest neutralino is the LSP. Depending on the value of eo 
and tan/? the NLSP is either the lightest chargino or the the lightest stau. In the 
region of parameter space for which mo/|Mi/2| > 1 the lightest chargino is the NLSP. 
For tan/5 = 2.5, 777.3/2 = 250 GeV, and for eo > —0.5 the lightest stop becomes the 
NNLSP. For eo < —0.5 the lightest stau is the NNLSP and eventually as eo decreases 
becomes the NLSP. In the region of parameter space in which ttiq > IM1/2I the five- 
brane dominated scenario leads to qualitative differences from M-theory scenarios 
with standard embeddings and Calabi-Yau compactifications in the large T-limit, 
especially in the squark sector. The resulting particle spectra should be subject of 
experimental investigation. They also motivate the study of how well the dark matter 
constraints are satisfied. We expect that for large values of the eo close to the dark 
matter constraints can become quite important in setting upper limits on the gluino 
mass. Also in this region the higgsino component of the lightest neutralino increases 



and this can be quite interesting for direct dark matter detection. These matters will 
be a subject of a future publication |]2^ . 
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Figure 1: Sparticle spectrum vs tan/5 fo^ eo = —O.G^diK^ = didiK^ = 1, 7713/2 
165GeVfi < 0. 
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Figure 2: Sparticle spectrum vs eo for fixed tan/5 = 2.5, 7723/2 = 250GeV. 
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Figure 3: Sparticle spectrum vs tan/? for eo = — 0.6,(9ii^5 = SiSj-ft's = 1,^3/2 
165GeV. u > 0. 
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